Recombination occurs at high frequencies in all examined retroviruses. The previously determined homologous recombination rate in one retroviral replication cycle is 4% for markers 1.0 kb apart in spleen necrosis virus (SNV). This has often been used to suggest that approximately 30 to 40% of the replication-competent viruses with 7-to 10-kb genomes undergo recombination. These estimates were based on the untested assumption that a linear relationship exists between recombination rates and marker distances. To delineate this relationship, we constructed three sets of murine leukemia virus (MLV)-based vectors containing the neomycin phosphotransferase gene (neo) and the hygromycin phosphotransferase B gene (hygro). Each set contained one vector with a functional neo and an inactivated hygro and one vector with a functional hygro and an inactivated neo. The two inactivating mutations in the three sets of vectors were separated by 1.0, 1.9, and 7.1 kb. Recombination rates after one round of replication were 4.7, 7.4, and 8.2% with markers 1.0, 1.9, and 7.1 kb apart, respectively. Thus, the rate of homologous recombination with 1.0 kb of marker distance is similar in MLV and SNV. The recombination rate increases when the marker distance increases from 1.0 to 1.9 kb; however, the recombination rates with marker distances of 1.9 and 7.1 kb are not significantly different. These data refute the previous assumption that recombination is proportional to marker distance and define the maximum recombining population in retroviruses.
Retroviruses package two copies of viral RNA into virions (7, 25) . During reverse transcription, recombination occurs frequently and generates viral DNAs containing genetic information derived from both copies of RNA (4, 12) . Recombination within the viral population increases variation by reassorting mutations; this process can generate viral strains that escape the host immune systems or resist the treatment of antiviral drugs (10, 21, 35) . Recombination between related viruses can generate viral strains with a different host range or pathogenicity (24, 27, 36) .
High frequencies of recombination have long been observed for many retroviruses (3, 10, 18, 19, 21, 26, 27, (41) (42) (43) . Most of the earlier studies allowed multiple rounds of viral replication, making it difficult to quantify the recombination events (19, 26, 27) . The rate of retroviral recombination in one viral replication cycle was 4% in spleen necrosis virus (SNV) with markers 1.0 kb apart (12) . This rate has been used to estimate recombination in the overall genome by assuming that the recombination rate increases linearly with marker distance (6, 11, 39) . Although this assumption seems logical, it has become increasingly clear with several current recombination studies that this assumption may not be accurate for two reasons. First, retroviral recombination exhibits high negative interference whereby recombinants with more than one template switch are generated at a higher rate than expected from independent recombination events (2, 13) . Experimentally, recombinants are identified by the presence of markers from both parental RNAs. If an odd number of template switches occurs between the two markers, the resulting DNA has markers derived from both parents and would be identified as a recombinant. In contrast, if an even number of template switches occurs between the two markers, the resulting DNA has both markers derived from the same parent and would be identified as a nonrecombinant. It is possible that the opportunity for unobservable recombination increases with larger distances, which may influence the recombination rate. In addition, it has been recently postulated that recombination occurs in a distinct viral population (13) ; the size of this population is not defined. It is possible that the recombination rate may reach a plateau when the size of the recombining subpopulation is reached, regardless of the distance between markers. Taken together, it is not clear whether the rate of recombination should increase linearly with respect to the distance of the markers.
This study measured recombination rates with marker distances of 1.0, 1.9, and 7.1 kb in murine leukemia virus (MLV). These data were used to determine the relationship of recombination rate and marker distance and to measure the recombining subpopulation.
MATERIALS AND METHODS
Plasmid construction. pJS30, pJA31-1kb, pJA32-1kb, pJS31, pJS32, pJS39, pJS41, and pJS42 were constructed by standard molecular cloning techniques (28) . All plasmids were constructed by using pWH390, a derivative of pLAEN, as a backbone (1, 32) . pWH390 was digested to completion with EcoRI, and the resulting 3Ј ends were filled in by the Klenow fragment of Escherichia coli DNA polymerase I. To generate pJS30, the digested pWH390 was ligated to a 1.0-kb DNA fragment which contained the hygromycin phosphotransferase B gene (hygro) (9) . pJA31-1kb was constructed by partial digestion of pJS30 with SacII, followed by the removal of the protruding 2 bp at the 3Ј termini with T4 DNA polymerase and self-ligation; these procedures introduced a NaeI site in hygro. pJA32-1kb was constructed by partial digestion of pJS30 with NarI, an isoschizomer of EheI, followed by fill-in reaction with the Klenow enzyme and selfligation; these procedures introduced a 4-bp insertion and generated a BssHII site in the neomycin phosphotransferase gene (neo) (16) . pJS31 and pJS32 were derived by partially digesting pJS30 with NcoI followed by a Klenow fill-in reaction and self-ligation. These procedures introduced a 4-bp insertion and generated a unique NsiI site in hygro of pJS31 and neo of pJS32. An intermediate plasmid, pJS33, was next constructed by digesting pJS30 to completion with BamHI followed by a Klenow fill-in reaction. To generate pJS33, the digested pJS30 was ligated to a 2.5-kb Klenow enzyme-treated PvuII fragment of the ␤-galactosidase gene (␤-gal) in the forward orientation (17) . pJS39 was then constructed by complete digestion of pJS33 with ClaI followed by Klenow fill-in reaction and ligated to a 2.7-kb SmaI fragment of the murine Na ϩ -K ϩ -dependent ATPase gene in the forward orientation (22) . pJS42 and pJS41 were derived by partially digesting pJS39 with NcoI followed by a Klenow fill-in reaction and self-ligation. These procedures introduced a 4-bp insertion and generated a unique NsiI site in hygro of pJS42 and neo of pJS41.
Cells, DNA transfections, and virus propagations. All cells were obtained from the American Type Culture Collection. D17 is a dog osteosarcoma cell line permissive to infection by MLV (37) . PG13 is a murine cell line that expresses MLV gag-pol and gibbon ape leukemia virus env (31) . PA317 is a murine cell line which expresses MLV gag-pol and env (30) .
All cells were grown in Dulbecco's modified Eagle's medium supplemented with either 6% calf serum for D17 cells or 10% calf serum for PG13 and PA317 cells. Cells were maintained in a 37°C incubator with 5% CO 2 . Hygromycin selection was performed at 120 g/ml for D17 or PA317 cells and 300 g/ml for PG13 cells. Selection with G418, a neomycin analog, was performed at 400 g/ml for D17 or PA317 and 600 g/ml for PG13. Double-drug selection was performed with 96 g of hygromycin per ml plus 320 g of G418 per ml for D17 and 240 g of hygromycin per ml plus 480 g of G418 per ml for PG13.
DNA transfections were done by the dimethyl sulfoxide-Polybrene or calcium phosphate precipitation method (20, 28) . Viral infections were performed immediately following viral harvest. Viruses were collected from helper cells and centrifuged at 3,000 ϫ g for 10 min to remove cellular debris. To determine the viral titers, 10-fold serial dilutions were made from each viral stock and used for infection.
Southern blot analysis. Genomic DNA purification, digestion, and hybridization were performed by standard techniques (28) . DNA transfers were done with a vacuum blotter (Pharmacia). All blots were hybridized with probe generated from a 1.9-kb NcoI fragment of pJS30. The probe was generated by labeling the DNA fragment with [␣-32 P]dCTP by the random-priming method (specific activity, Ͼ10 9 cpm per g) (8) . Southern hybridization results were obtained by autoradiography or PhosphorImager analysis (Molecular Dynamics).
RESULTS
Retroviral vectors used to determine the rates of homologous recombination. To measure the frequency of homologous recombination with three different marker distances, three sets of retroviral vectors were constructed (Fig. 1) . The first set of vectors (pJS30, pJA31-1kb, and pJA32-1kb) was used to determine the recombination rate with markers 1.0 kb apart. The second (pJS30, pJS31, and pJS32) and third (pJS39, pJS42, and pJS41) sets of vectors were used to determine the recombination rate with markers 1.9 and 7.1 kb apart, respectively (Fig.  1) . Vectors within each set were highly homologous to each other. In addition to the cis-acting elements required for retroviral replication, all vectors contained hygro and neo. The viral U3-regulated transcripts expressed both hygro and neo; the translation of neo was directed by an internal ribosomal entry site (IRES) from encephalomyocarditis virus (1, 14, 15) . The vector pJS30 contained a functional hygro and a functional neo. The vector pJA31-1kb contained a functional neo and a nonfunctional hygro with a 2-bp frameshift deletion. This deletion also destroyed a SacII site and generated a NaeI site. The vector pJA32-1kb contained a functional hygro and a nonfunctional neo with a 4-bp frameshift insertion. This insertion destroyed an EheI site and generated a BssHII site. The distance between the two inactivating mutations of pJA31-1kb and pJA32-1kb was 1.0 kb. The reversion rates of 4-bp frameshift mutations are less than 10 Ϫ7 (12). The vectors pJS31 and pJS32 contained the same sequences as pJS30, except that pJS31 contained an inactivating mutation in hygro and pJS32 contained an inactivating mutation in neo. Each of these 4-bp insertion mutations destroyed an NcoI site and generated a unique NsiI site. The distance between the two inactivating mutations of pJS31 and pJS32 was 1.9 kb.
Similar to pJS30, pJS39 had a functional hygro and a functional neo. In addition, pJS39 contained a 5.2-kb spacer DNA comprised of a 2.5-kb sequence from ␤-gal and a 2.7-kb sequence from murine Na ϩ -K ϩ -dependent ATPase gene. The spacer DNA was located between hygro and the IRES; these sequences did not code for selectable genes and only served to increase the distance between hygro and neo. The vector pJS42 had a functional neo, whereas the vector pJS41 contained a functional hygro. The hygro of pJS42 and the neo of pJS41 were inactivated by a 4-bp insertion mutation that destroyed a NcoI site and generated a unique NsiI site. The distance between the two inactivating mutations of pJS42 and pJS41 was 7.1 kb.
Experimental protocol to measure the recombination rates in one round of replication. The protocol used to determine the rate of homologous recombination at marker distance of 1.0 kb is outlined in Fig. 2 . A similar protocol was used to measure recombination rates at marker distances of 1.9 and 7.1 kb. pJA31-1kb and pJA32-1kb were separately transfected into PA317 helper cells. The transfected cells were selected with either G418 or hygromycin, and the resulting colonies were pooled separately. The pool size for each vector was greater than 200 colonies. It has been previously shown that copackaging of two retroviral RNAs in one virion is a prerequisite for recombination (12, 43) . Therefore, to allow JA31-1kb RNA and JA32-1kb RNA to package into the same virion, helper cells containing both vectors were generated. Viruses were harvested from the PA317 cell pools and introduced into PG13 cells either simultaneously (coinfection) or sequentially (step infection). Infected helper cells were subjected tohygromycin plus G418 selection to isolate double-drug-resistant cell clones. The proviral structures in these double-drug-resistant cell clones were verified by Southern hybridization analysis. Viruses were harvested from these PG13 cell clones containing an intact copy of JA31-1kb and JA32-1kb and were used to infect D17 target cells. Infected cells were subjected to single- (hygromycin or G418) or double-(hygromycin plus G418) drug selection, and the virus titers were determined. The recombination rates were calculated by comparing the double-drugresistant colony titers to the single-drug-resistant colony titers (12) . In addition, double-drug-resistant D17 cell clones were isolated and Southern hybridization analysis was performed to confirm the recombinant genotype of the proviruses.
This system measures recombination rates in a single cycle of retroviral replication, which is defined by the steps required from the provirus in the PG13 helper cells to the provirus in the D17 target cells. Since murine cells do not express the receptor for gibbon ape leukemia virus env, PG13 cells cannot be reinfected by the virus it produces. In addition, viruses cannot be propagated in the D17 cells due to the lack of helper cell function.
The control vectors generate similar single-and doubledrug-resistant colony titers. Since the single-and double-drugresistant colony titers were used to calculate the recombination rates, it was important to determine whether the three different drug treatments generated similar viral titers in infected cells. The control vector JS30 was structurally similar to the vectors in which the markers were separated by 1.0 kb (JA31-1kb and JA32-1kb) and 1.9 kb (JS31 and JS32); however, JS30 contained a functional hygro and a functional neo. To determine the relative titers with hygromycin, G418, and hygromycin plus G418 selection with JS30, a protocol similar to that shown in Fig. 2 was utilized. Double-drug-resistant PG13 cell clones containing JS30 were isolated, and the proviral structures in these clones were examined by Southern hybridization analysis. Five cell clones were identified to contain one intact JS30 provirus; these cell clones were generated through independent infection events because the proviruses in these cells were integrated at different sites in the helper cell genome (data not shown). Viruses were harvested from these cell clones and used to infect D17 target cells. The virus titers generated from these five cell clones are shown in Table 1 .
Four of the five cell clones had the following ranges for titers: 3.1 ϫ 10 5 to 31 ϫ 10 5 CFU/ml for hygromycin, 1.9 ϫ 10 5 to 20 ϫ 10 5 CFU/ml for G418, and 2.9 ϫ 10 5 to 22 ϫ 10 5 CFU/ml for hygromycin plus G418. One cell clone (P2C2) had unusually low virus titers (Table 1) , most likely due to a lower level of helper cell function. However, within each cell clone, the two single-and the double-drug-resistant colony titers were very similar.
The control vector JS39 was structurally similar to the vectors in which the markers were separated by 7.1 kb (JS41 and JS42); however, JS39 contains a functional hygro and a functional neo. Five independent PG13 cell clones containing an intact copy of JS39 were identified by Southern hybridization analysis using a strategy similar to that employed for JS30. Viral titers generated from these five cell clones are shown in Table 1 . The hygromycin-resistant colony titers ranged from 1.1 ϫ 10 5 to 5.4 ϫ 10 5 CFU/ml, the G418-resistant colony titers ranged from 0.84 ϫ 10 5 to 5.0 ϫ 10 5 CFU/ml, and the hygromycin-plus-G418-resistant colony titers ranged from 1.2 ϫ 10 5 to 6.6 ϫ 10 5 CFU/ml. Similar to JS30, the titers generated within each cell clone for JS39 were comparable. These results indicate that the titers produced by each drug selection directly reflected the amount of cells infected with the control vectors. Therefore, the frequency of recombinants containing a functional hygro and a functional neo could be measured by comparing the double-and the single-drug-resistant colony titers.
Proviral DNA analysis of PG13 cells infected with JA31-1kb and JA32-1kb. PG13 cell clones containing JA31-1kb and JA32-1kb were analyzed by Southern hybridization analysis to determine the proviral structures. Partial restriction enzyme maps of JS30, JA31-1kb, and JA32-1kb proviruses are shown in Fig. 3A . JS30 contained four EheI sites: one in each long terminal repeat (LTR), one in hygro, and one in neo. JA31-1kb proviruses had all four of the EheI sites, whereas JA32-1kb proviruses contained only three EheI sites, since one site was destroyed to inactivate neo. A unique SacII site was located in hygro of JS30 and JA32-1kb; this site was destroyed in JA31-1kb to inactivate hygro. When DNAs from cell clones containing a copy of JA31-1kb and a copy of JA32-1kb were digested with EheI and SacII, four bands were expected with a probe generated from a 1.9-kb DNA fragment. This DNA fragment contained the 3Ј portion of hygro, IRES, and the 5Ј portion of neo. A 1.8-and a 1.2-kb band were expected to be generated from the JA31-1kb provirus, whereas a 0.8-and a 2.2-kb band were expected to be generated from the JA32-1kb provirus ( Fig. 3A) . A representative Southern blot of three different cell clones (B2, C1, and D1) is shown in Fig. 3B . Each clone contained the expected fragments consistent with the predicted structures of JA31-1kb and JA32-1kb. In addition, DNAs from all cell clones were digested with HindIII to verify that cell clones were generated from independent infection events. A unique HindIII site was located in JS30, JA31-1kb, and JA32-1kb proviruses at the 5Ј end of IRES. Therefore, with the aforementioned 1.9-kb probe, each provirus was expected to generate two bands when digested with HindIII. Because retroviruses integrate randomly in the host genome (6), the sizes of these bands should vary according to the site of integration. In the cell clones containing one copy of each vector, four bands of different size were expected to be generated when digested with HindIII. A representative HindIII digestion of DNA from three different PG13 cell clones is shown in Fig. 3B .
All cell clones had a different band pattern, indicating that they were derived from independent infection events. MLV recombination rate with markers separated by a distance of 1.0 kb. Viruses harvested from five independent PG13 cell clones that contained a copy of JA31-1kb and a copy of JA32-1kb were used to infect target D17 cells. Infected target cells were subjected to hygromycin, G418, and hygromycin plus G418 selections. Virus titers generated from these five helper cell clones are shown in Table 2 . The hygromycin-resistant colony titers ranged from 2.0 ϫ 10 6 to 5.2 ϫ 10 6 CFU/ml, the G418-resistant colony titers ranged from 1.4 ϫ 10 6 to 4.3 ϫ 10 6 CFU/ml, and the hygromycin-plus-G418-resistant colony titers ranged from 3.3 ϫ 10 4 to 8.0 ϫ 10 4 CFU/ml. Cell clones that were resistant to hygromycin and G418 could either contain a copy of each parental virus or contain a recombinant provirus with a functional hygro and a functional neo. Several hygromycin-plus-G418-resistant D17 cell clones were isolated, and proviral structures were analyzed. A representative Southern blot is shown in Fig. 3B of three D17 cell clones (B2-2, C1-2, and D1-3), each derived from a PG13 cell clone, which is also shown. If the double-drug-resistant target cell clones contained a copy of each parental virus, after digestion with EheI plus SacII, a pattern similar to the PG13 helper cell clones would be expected (Fig. 3B) . However, when digested with EheI plus SacII, the recombinant proviruses with a functional hygro and a functional neo should generate bands of 0.8, 1.0, and 1.2 kb, using the 1.9-kb probe described above (Fig. 3A) . A total of 15 double-drug-resistant D17 cell clones were examined; 13 contained a recombinant genotype, whereas 2 were the result of a double infection (Fig. 3B and data not shown). These results demonstrate that most of the cell clones with hygromycin plus G418 resistance contained recombinant proviruses. Therefore, the double-drug-resistant colony titers were generated by recombinants.
The double-drug-resistant colony titer measured only half of the recombinants, those with a functional hygro and a functional neo. The other recombinants with a nonfunctional hygro and a nonfunctional neo cannot survive drug selection and therefore were not measured in this assay. The recombination rate for each cell clone was calculated by first dividing the double-drug-resistant colony titers by the lower of the two single-drug-resistant colony titers and then multiplying this ratio by 2 ( Table 2 ). The recombination rates for the five cell clones ranged from 3.1 to 6.0%, with an average of 4.7% Ϯ
0.7% (standard error [SE]).
Proviral DNA analysis of PG13 cells infected with JS31 and JS32. PG13 cell clones containing JS31 and JS32 were generated to measure the recombination rate for markers separated by a distance of 1.9 kb. These cell clones were analyzed by Southern hybridization analysis to determine the proviral structures. Partial restriction enzyme maps of JS30, JS31, and JS32 proviruses are shown in Fig. 4A . JS30 with a functional hygro and a functional neo contained two NcoI sites (one in each drug resistance gene). JS31 and JS32 proviruses contained only one NcoI site each, since this site was destroyed to inactivate hygro in JS31 and neo in JS32. In addition, JS30, JS31, and JS32 contained four EcoRV sites, two in each LTR. When DNAs from cell clones containing a copy of JS31 and a copy of JS32 were digested with NcoI plus EcoRV, two bands were expected with the probe described earlier. A 3.5-and a 2.3-kb band were expected to be generated from JS31 and JS32 proviruses, respectively (Fig. 4A) . A representative Southern blot of three different PG13 cell clones (A1, D1, and E5) is shown in Fig. 4B ; each cell clone contained the expected bands. In addition, all DNAs were digested with HindIII to confirm that these cell clones were generated through independent infection events ( Fig. 4B and data not shown) . MLV recombination rate with markers separated by a distance of 1.9 kb. Viruses harvested from eight independent PG13 cell clones that contained a copy of JS31 and a copy of JS32 were used to infect D17 target cells. Viral titers are shown in Table 3 . The hygromycin-resistant colony titers ranged from 0.43 ϫ 10 6 to 2.1 ϫ 10 6 CFU/ml, the G418-resistant colony titers ranged from 0.15 ϫ 10 6 to 1.2 ϫ 10 6 CFU/ml, and the hygromycin-plus-G418-resistant colony titers ranged from 0.6 ϫ 10 4 to 4.4 ϫ 10 4 CFU/ml. The recombination rate measured from these eight cell clones ranged from 3.3 to 10.5%, with an average of 7.4% Ϯ 0.6% (SE).
To verify that the double-drug-resistant colony titer was generated by recombinant proviruses, hygromycin-plus-G418-resistant D17 cell clones were isolated, and the proviral structures were analyzed. A representative Southern analysis is shown in Fig. 4B for three D17 cell clones (A1-1, D1-4, and E5-2), each derived from a PG13 cell clone, which is also shown. When digested with EcoRV plus NcoI, the recombinant provirus containing a functional hygro and a functional neo should reveal a single 1.9-kb band (Fig. 4A) . A total of nine double-drug-resistant D17 cell clones were examined; all nine had a single 1.9-kb band, indicating that they contained a recombinant provirus (Fig. 4B and data not shown) . Therefore, the double-drug-resistant colony titer was an accurate measurement of the number of recombinants.
Proviral DNA analysis of PG13 cell clones infected with JS41 and JS42. To measure the rate of recombination at 7.1-kb marker distance, PG13 cell clones containing JS41 and JS42 were generated. Southern hybridization analysis was used to determine the proviral structures. Partial restriction enzyme maps of JS39, JS41, and JS42 are shown in Fig. 5A . JS39 proviruses contained two NcoI sites, one in each drug resistance gene. One NcoI site was destroyed to inactivate hygro in JS42, and one NcoI site was destroyed to inactivate neo in JS41. Therefore, JS41 and JS42 each contained only one NcoI site. In addition, JS39, JS41, and JS42 each contained five EcoRV sites: two in each LTR and one in the spacer DNA. When DNAs from these cell clones containing a copy of JS41 and a copy of JS42 were digested with EcoRV plus NcoI, four bands were expected when the probe described above was used. JS41 proviruses should generate a 4.3-and a 3.2-kb band, whereas JS42 proviruses should generate a 5.9-and a 2.8-kb band (Fig.  5A) . A representative Southern blot of three different cell clones (U5, U8, and V3) is shown in Fig. 5B ; each clone contained the expected fragments consistent with the predicted structures of JS41 and JS42. In addition, all DNAs were digested with HindIII as described earlier to confirm that cell clones were generated through independent infection events ( Fig. 5B and data not shown) .
MLV recombination rate with markers separated by a distance of 7.1 kb. Viruses harvested from four independent PG13 cell clones containing a copy of JS41 and a copy of JS42 were used to infect D17 target cells. Viral titers are shown in Table 4 . The hygromycin-resistant colony titers ranged from 3.7 ϫ 10 5 to 14.5 ϫ 10 5 CFU/ml, the G418-resistant colony titers ranged from 1.2 ϫ 10 5 to 5.4 ϫ 10 5 CFU/ml, and the hygromycin-plus-G418-resistant colony titers ranged from 0.47 ϫ 10 4 to 2.6 ϫ 10 4 CFU/ml. The recombination rate from these four cell clones ranged from 5.9 to 11.6%, with an average of 8.2% Ϯ 0.8% (SE).
The proviral structures in double-drug-resistant D17 cells were examined. Figure 5B shows a representative Southern blot of three D17 cell clones (U5B1, U8B1, and V3A1), each derived from a PG13 cell clone, which is also shown. With the earlier-described probe, a 4.3-and a 2.3-kb band should be generated from the recombinant provirus when digested with EcoRV plus NcoI (Fig. 5A) . A total of 16 double-drug-resistant D17 cell clones were examined; 15 contained a recombinant provirus, whereas 1 was the result of a double-infection event (Fig. 5B and data not shown) . Therefore, the doubledrug-resistant colony titers reflected the number of recombinant proviruses with functional hygro and neo.
DISCUSSION
MLV and SNV have similar recombination rates. In this report, the MLV recombination rate in one round of retroviral replication is 4.7% with a marker distance of 1.0 kb; this rate is not significantly different from the SNV recombination rate (P ϭ 0.13 by two-sample t test). These data are in sharp contrast to the estimated recombination rate of 0.002 to 0.054% with two markers 0.56 kb apart in MLV (38) . In the previous MLV study, two vectors with mutations at different regions of neo were used. Recombination was detected by the generation of viruses with a functional neo. Because neither parental virus could confer any drug resistance, their titers could not be measured. Instead, the titer of a structurally similar virus with a functional neo was measured in a separate experiment and was used to derive the parental titer. The recombination rate was estimated from the derived parental titer. In contrast, the current study directly measured both the parental and recombinant titers in each experimental set. Therefore, the current study is more likely to be accurate because the recombination rates were directly determined and not estimated. Although unlikely, an alternate possibility is that both measurements are correct; recombination rates drop 2 to 3 orders of magnitude for marker distances of 1.0 to 0.56 kb.
We demonstrated that the recombination rate is similar between MLV and SNV, two simple retroviruses (5, 40) . Currently, the recombination rates of complex retroviruses such as human immunodeficiency virus type 1 (HIV-1) have not been determined. The mutation rates of SNV and HIV-1 are within twofold (23, 29, 33, 34) . However, it is not known whether the recombination rates of simple and complex retroviruses are similar.
Nonlinear relationship between marker distances and recombination rates. Homologous recombination rates at three marker distances in MLV are plotted in Fig. 6 ; marker distances are indicated on the x axis, and recombination rates are indicated on the y axis. The recombination rates between markers separated by distances of 1.0 kb (4.7%) and 1.9 kb (7.4%) are significantly different (P ϭ 0.018 by two-sample t test). These data indicate that as the distance between markers increases from 1.0 to 1.9 kb, the recombination rate also increases. If the recombination rate increases in linear proportion to marker distance, then by extrapolating the rates at 1.9 or 1.0 kb, the expected recombination rate at 7.1 kb would range from 27.6 to 33.4% (7.4% Ϭ 1.9 kb ϫ 7.1 kb ϭ 27.6%; 4.7% Ϭ 1.0 kb ϫ 7.1 kb ϭ 33.4%). However, the recombination rate with a marker distance of 7.1 kb is 8.2%, which is not significantly different from the rate with a marker distance of 1.9 kb (7.4%) (P ϭ 0.59 by two-sample t test). This indicates that by the marker distance of 1.9 kb, the recombination rate plateaus and does not increase significantly when the marker distance increases. This is the first demonstration that the relationship between the rate of homologous recombination and marker distance is not always linear.
The mechanism for the plateau of the recombination rate is not clear. It is possible that the probability of the unobservable double-recombination events also increases with larger marker distances. Recent experimental evidence indicates that the majority of retroviral recombination occurs by reverse transcriptase switching templates during minus-strand DNA synthesis (2) . When two template switches occur between two markers, the resulting DNA would obtain both markers from the same parent and appear to be a nonrecombinant. After the marker distance reaches a certain point, the probability of the viruses undergoing two template switches also increases. Thus, the observed recombination rate may not be significantly altered even with a larger marker distance and reach a plateau. A second possibility for the plateau is that the size of the recombining viral subpopulation may limit the recombination rate. If only a small percentage of viruses can undergo recombination, then the rate cannot exceed this viral population. Although unlikely, we also cannot exclude the possibility that the spacer sequences in JS39-derived vectors inhibit recombination and thus lead to the appearance of a plateau.
Maximum recombination rate and size of the recombining subpopulation in MLV. Previously, we postulated that recombination occurs in a distinct viral subpopulation (13) . In this report we used the 7.1-kb marker distance to approximate the length of a wild-type MLV (8.3 kb) to determine the maximum recombination rate and the size of the recombining subpopulation.
In an ideal viral population generated from a cell containing two different proviruses, 50% of the viruses will be heterozygotes if the two parents have similar titers and packaging is random (11, 12) . If all of the heterozygotes generate recombinant genotypes, then 50% of the recombinants will contain two functional drug resistance genes, and the other 50% of the recombinants will contain two nonfunctional drug resistance genes. Since double-drug selection is used to identify recombinants, only half of the recombinant population, or 25% of the total viral population (50% ϫ 50%), can be measured. Singledrug selection measures the recombinant with two functional drug resistance genes (25%) and the nonrecombinant generated from homozygotic virions (25%). The recombination rate is calculated by doubling the ratio of the double-drug-resistant colony titer to the single-drug-resistant colony titer. Thus, the maximum recombination rate is 100% (2 ϫ 25% Ϭ 50%). We observed a rate of 8.2% with approximately the maximum marker distance. Therefore, the minimum estimation of the recombining subpopulation is 8% of the heterozygotes or 4% of the total viral population. Recombinants with an even number of template switches between markers do not have a recombinant phenotype. Recombinants with an even number and odd number of template switches may occur at the same frequency. Therefore, the recombining subpopulation can be as high as 16% of the heterozygotes or 8% of the total viral population. This is the first measurement of the retroviral recombining subpopulation.
Previously, it was thought that all of the heterozygotic population (50%) can undergo observable recombination. Our estimation indicates that the recombining subpopulation is only one-sixth the size of the previously calculated population (8% Ϭ 50%). What are the possible mechanisms to cause the smaller recombination population size? We previously proposed that a subpopulation of viruses contains a different structure of the reverse transcription complex. This allows the reverse transcriptase access to the other copackaged RNA and generates recombinant progeny (13) . Alternatively, the heterozygotic population may be less than 50%, which would effectively reduce the recombining subpopulation. It should be noted that in each vector set, the two parental vectors produce very similar titers in most cell clones (Tables 2, 3 , and 4). In addition, the two parental viral RNAs have extremely high homology (Ͼ99.9%); therefore, the viral packaging machinery should not be able to distinguish the two RNAs. Although it is conceivable that mRNA can be transported to different cellular compartments and cause the heterozygotes to form at less than 50%, currently there is little evidence supporting this hypothesis.
If packaging of the two parental RNAs is not random, then it is likely that the heterozygote population size may be reduced and subsequently decrease the recombining subpopulation. One possible scenario is that when the two parental RNAs have different sequences in the coding regions, the viral machinery may not form heterozygotes at 50% frequency. This may account for the lower rate observed in a previous nonhomologous recombination study in MLV (44) ; recombination occurred at 0.2% when a 830-nucleotide homology was present in the two viruses containing different drug resistance genes. This rate is 1 order of magnitude lower than the rate of homologous recombination with a marker distance of 1.0 kb between the two vectors containing nearly identical sequences. It is possible that the lower frequency of nonhomologous recombination is caused by a factor(s), such as the relative position of the homology or the nature of the sequences. However, it is provocative to postulate that the differences between the two rates are based on the differences in heterozygote formation and the size of the recombining subpopulation.
